ABSTRACT RNA interference (RNAi) mediated by small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) has become a powerful tool for gene knockdown studies. However, the levels of knockdown vary greatly. Here, we examine the effect of target disruption energy, a novel measure of target accessibility, along with other parameters that may affect RNAi efficiency. Based on target secondary structures predicted by the Sfold program, the target disruption energy represents the free energy cost for local alteration of the target structure to allow target binding by the siRNA guide strand. In analyses of 100 siRNAs and 101 shRNAs targeted to 103 endogenous human genes, we find that the disruption energy is an important determinant of RNAi activity and the asymmetry of siRNA duplex asymmetry is important for facilitating the assembly of the RNA-induced silencing complex (RISC). We estimate that target accessibility and duplex asymmetry can improve the target knockdown level significantly by nearly 40% and 26%, respectively. In the RNAi pathway, RISC assembly precedes target binding by the siRNA guide strand. Thus, our findings suggest that duplex asymmetry has significant upstream effect on RISC assembly and target accessibility has strong downstream effect on target recognition. The results of the analyses suggest criteria for improving the design of siRNAs and shRNAs.
INTRODUCTION
RNA interference (RNAi) is a sequence-specific gene silencing mechanism that is induced by double-stranded RNA (dsRNA) homologous to the target gene (Fire et al. 1998) . RNAi can be mediated either by small interfering RNAs (siRNAs) of about 21 nucleotides (nt) with twonucleotide 39 overhang (Elbashir et al. 2001) or by stably expressed short hairpin RNAs (shRNAs), which are processed by Dicer into siRNAs (Brummelkamp et al. 2002; Paddison et al. 2002) . During activation of the RNAinduced silencing complex (RISC), the guide (antisense) strand of the siRNA duplex is preferentially assembled into the RISC when the stem formed by the 59 end and its complement is less stable than the one formed by the 39 end and its complement (Khvorova et al. 2003; Schwarz et al. 2003) ; the ''passenger'' (sense) strand is cleaved by Argonaute2 (Ago2), the catalytic component of RISC (Matranga et al. 2005; Rand et al. 2005) . The antisense strand guides Ago2 to cleave mRNA by base-pairing with the complementary site in the target.
Large variation in the efficiency of siRNAs for different sites on the same target is commonly observed (Holen et al. 2002) . Usually, only a small proportion of randomly selected siRNAs are potent. Thus, there has been great interest in determining rules for improvement of RNAi design. A number of empirical rules on siRNA duplex features have been reported. These include the asymmetry rule for siRNA duplex ends, which requires that the 59 end of the antisense strand forms a stem with its complement that is less stable than the stem formed by the 59 end of the sense strand (Khvorova et al. 2003; Schwarz et al. 2003) . The asymmetry rule is strongly related to the requirements of high A/U content at the 59 end of the antisense strand and high G/C at the 59 end of the sense strand (Reynolds et al. 2004; Ui-Tei et al. 2004) . A number of positionspecific nucleotide preferences and other siRNA sequence features have been proposed (Reynolds et al. 2004; Patzel et al. 2005) . In addition, the importance of target secondary structure and accessibility has been suggested by several studies based on computational modeling of target structure and accessibility (Kretschmer-Kazemi Far and Sczakiel 2003; Luo and Chang 2004; Heale et al. 2005; Schubert et al. 2005) and was supported by compelling evidence based on experimentally assessed accessibility (Lee et al. 2002; Bohula et al. 2003; Vickers et al. 2003; Overhoff et al. 2005; Westerhout et al. 2005) . Strikingly, it was observed that HIV can escape RNAi-mediated inhibition by a single point mutation that alters the accessibility of the target site (Westerhout et al. 2005) . The significance of target structure has long been established for antisense oligonucleotides and trans-cleaving ribozymes (Zhao and Lemke 1998; Vickers et al. 2000) . For RNAi, however, this has been disputed in several reports, with one based on limited computational analysis (Reynolds et al. 2004; Boese et al. 2005) .
Rules for siRNA duplex features are straightforward to quantify and implement for the purpose of rational RNAi design. However, since a messenger RNA (mRNA) is unlikely to have a single stable structure, computational modeling of the target secondary structure and assessment of the effect of secondary structure on target accessibility are much more challenging. To address this challenge, we introduce a novel quantitative measure of target accessibility, target disruption energy, based on structures predicted by the Sfold program, which generates a statistically representative sample from the Boltzmann weighted ensemble of secondary structures (Ding and Lawrence 2003; Ding et al. 2004) . We employ this approach with three aims: (1) quantify target structural accessibility, (2) quantitatively assess the net contribution of the target accessibility to RNAi efficiency in the context of the RNAi pathway, and (3) establish a general model for efficient RNAi. We examine target disruption energy along with a number of other parameters that can affect RNAi efficiency. From an analysis of 100 published siRNAs for three endogenous human genes, we found that disruption energy is the most significant parameter for one target and is second in significance level to duplex asymmetry for the other two targets. To quantitatively assess the effects of target accessibility and duplex asymmetry, we utilize an independent data set of 101 shRNAs for 100 endogenous human genes. We found that target accessibility and duplex asymmetry can improve the target knockdown level significantly by nearly 40% and 26%, respectively. These findings suggest that, after RISC assembly, target secondary structure plays an important role in target binding by the guide siRNA strand. Thus, effective silencing by RNAi favors siRNAs with sequence features that facilitate RISC activation, as well as accessible target sites that enable intermolecular base-pairing for target recognition. The results of the analyses suggest criteria for improving the design of siRNAs and shRNAs.
RESULTS

Statistical analyses of siRNA data sets
We first performed weighted regression analyses for the siRNA data sets (see Materials and Methods and also Fig.  1 ). For lamin A, DG disruption is the only significant parameter, with a P-value of 1.05EÀ8, and is highly predictive of siRNA activity with a regression R 2 of 0.7656 ( Fig. 2 ; Table  1 ,). For PTEN and CD54, DG disruption is the second best predictor, with a P-value of 1.80EÀ16 and a R 2 of 0.6073 (Table 2) . DG disruption is the only parameter that is significantly correlated with siRNA activities for all data sets. DSSE is the best predictor for PTEN and CD54, with a Pvalue of 5.24EÀ36 and a high R 2 of 0.8849 (Table 2 ). The lack of significance of DSSE for lamin A could be due to the siRNA design constraints (Harborth et al. 2003) ; these could have biased the representation of the nucleotide composition for the duplex ends of the tested siRNAs. S D is not correlated with siRNA activity for any of the data sets (Tables 1 and 2 ). DG hybrid was found to be significant only for PTEN and CD54 (Table 2) . However, its predictive value as measured by R 2 is relatively poor in comparison to DG disruption and DSSE. Thus, in further analyses of effects of target structure on RNAi efficiency, we focused on DG disruption and DSSE.
As alternatives to Sfold, we also computed DG disruption , using target structures predicted by other RNA folding programs, and performed the weighted regression analysis. We found that Sfold is by far the best performer. For any of the other programs, either there is a lack of statistical significance or the R 2 is rather poor in the case of statistical significance (Table 3) . FIGURE 1. Energetic exchanges for local target disruption by binding of guide siRNA. Target disruption energy, DG disruption , a measure of target accessibility, is the free energy cost for opening the local secondary structure at the target site; DG hybrid is the free energy gain due to the hybridization between the guide siRNA strand and the target site.
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Quantitative assessment of the effects of target structure and duplex asymmetry Separating the effect of target structure from effects of upstream factors
We were most interested in obtaining a quantitative estimate of the net effect of target structure on RNAi efficiency, by taking advantage of the relatively large independent shRNA data set. Because target structure is only relevant for the target recognition step of the RNAi pathway, factors that can have negative effects on the upstream steps of the RNAi pathway must be considered in such a quantitative analysis. In other words, the overall effects of upstream factors and target structure are convoluted in the knockdown data. For example, a siRNA or shRNA targeted to an accessible region will not necessarily be functional if the guide strand could not be successfully assembled into the RISC. To address this issue of convolution, we adopted the approach of using data filters to control for the upstream effects of nonstructure factors.
For the shRNAs in the cDNA library, a low or high GC content and the occurrence of a AAAA, TTTT, GGGG, or CCCC motif were observed to have negative impacts on RNAi activity. The AAAA motif or the TTTT motif has the tendency to cause the premature termination of transcription of shRNAs from the RNA polymerase III promoter (Geiduschek and Kassavetis 2001) . A GC-rich sequence can promote formation of quadruplex structures (Hardin et al. 1992) , and GGGG can form tetraplex structures (Laughlan et al. 1994) , or it can cause potential nonspecific effects through its interaction with heparin-binding proteins (Stein 1999) . Thus, to remove these potential adverse effects, we consider two filters: (1) 30%#GC%#70% and (2) absence of AAAA, TTTT, GGGG, and CCCC motifs. In addition, to separate the downstream effect of target structure from the upstream effect of duplex asymmetry, we enforce the rule of asymmetry (DSSE > 0.0 kcal/mol; see Materials and Methods) for estimating the effect of target structure.
The siRNAs resulting from shRNA cleavage by Dicer are mostly 19 base pairs (bp) or 20 bp in length (with additional 2-nt 39 overhang), at comparable yields (Rose et al. 2005) . Because the computational results are highly similar for both lengths, we focus on reporting the results for the length of 19 bp (the guide strand sequences are given in Supplemental Table 1 ).
Assessing the net effect of target accessibility
From weighted regression analysis, we found that DG disruption is the most important parameter, with a Pvalue of 1.52EÀ8. To assess the net effect of target accessibility, we make a two-group comparison between accessible sites and inaccessible sites. Because DG disruption is a quantitative measure of accessibility and is positively correlated with RNAi efficiency, we consider a target site accessible if its DG disruption > M kcal/mol, and the site inaccessible if DG disruption < N kcal/mol, where M and N are two threshold values for defining accessibility and inaccessibility. For the shRNA data set, we found that the average knockdown level for accessible sites is maximized at M = À10, and that the average knockdown level for inaccessible sites is minimized at N = À19. Using these two threshold values, the difference in average knockdown levels is 39.7%, and this improvement by accessibility is highly significant with a P-value of 0.0004 by the t-test and 0.0007 by the nonparametric Wilcoxon rank sum test. For several alternative pairs of the thresholds, the difference in the knockdown levels is over 30% (Table 4) , and the average improvement for all five pairs of thresholds is 34.62%. When the rule of asymmetry is not enforced and the two filters are not applied, the degree of improvement is substantially reduced, but still significant with an average of 14.18% (see Supplemental Table 2 ). These results indicate that the net effect of target structure is substantially underestimated if upstream factors were not taken into consideration.
FIGURE 2. Weighted linear regression analysis of siRNA knockdown data for the lamin A siRNA data set using disruption energy, with a regression R 2 = 0.766 and a P-value of 1.05EÀ8. Error bars represent standard deviations from at least three independent experiments. Larger weights are assigned to data points that have smaller standard deviations. The fitted regression line is thus dictated by data points with small standard deviations. From a weighted regression analysis of the shRNA data set, DSSE was found to be significant with a P-value of 0.00096. We next compared the average knockdown level for those shRNAs that meet the rule of asymmetry (DSSE > 0.0 kcal/ mol) and the average for those that do not (DSSE # 0.0 kcal/mol). We found that the improvement by enforcing the rule of asymmetry is 10.21% (P-value of 0.0197 by the one-sided t-test and 0.0284 by the one-sided Wilcoxon rank sum test). For 19 shRNAs that pass the two filters and have accessible target sites (DG disruption > À10 kcal/mol), the improvement by duplex asymmetry is 25.99% (P-value of 0.0082 by the t-test, and 0.0086 by the Wilcoxon rank sum test; also see Table 5 ). Because the two filters appear to be associated with adverse events upstream of the RISC assembly, 25.99% may be a more accurate estimate of the effect of duplex asymmetry for the shRNA data set.
Combined effects of target accessibility and duplex asymmetry
To examine the combined effects of target accessibility and duplex asymmetry, we also assessed the improvement by one parameter under the negative condition specified by the other parameter (Table 5 ). The two filters were also used in this assessment to minimize effects of upstream factors. For shRNAs that failed the asymmetry test, we found that target accessibility can still improve the knockdown level by 16.03%. For shRNAs targeted to inaccessible sites (DG disruption < À19 kcal/mol), however, duplex asymmetry did not make an appreciable difference. In the RNAi pathway, duplex asymmetry is concerned with the upstream step of RISC assembly, while target accessibility presumably governs target recognition. Our results as summarized in Table 5 show that duplex asymmetry is not a rate-limiting factor and that target accessibility is the more influential factor. Furthermore, the combination of both duplex asymmetry and accessibility was found to yield the highest level of improvement.
Software availability
DG disruption , DSSE, and other tools for structure-based rational RNAi design are available through the application module Sirna of the Sfold software for the folding and design of nucleic acids. Sfold is available through Web server at http://sfold.wadsworth.org.
DISCUSSION
In this work, we have studied the effects of a number of siRNA duplex features and the effect of predicted target secondary structure on the efficiency of RNAi. We have introduced a novel measure of target structural accessibility DG disruption ; we found this measure to be the most important predictor for RNAi activity. DSSE, an implementation of the asymmetry rule (Khvorova et al. 2003; Schwarz et al. 2003) , was found to be an important duplex sequence feature. By taking advantage of a shRNA data set and by controlling for Implementation of free energy minimization for Windows platform (Mathews et al. 2004 ).
c A set of 1000 suboptimal structures by Mfold (Zuker 2003) was generated using the following settings for folding parameters: percent suboptimality P = 100, window parameter W = 0, and maximum number of foldings MAX = 1000 (a much smaller set of structures was generated for default parameter settings). Complete suboptimal folding implemented by the Vienna RNA package (Wuchty et al. 1999; Hofacker 2003 ).
e A set of 1000 suboptimal structures by RNAstructure (Mathews et al. 2004 ) was generated using the following settings for folding parameters: max % energy difference = 100, max number of structures = 1000, and window size = 0 (a much smaller set of structures was generated for default parameter settings).
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factors that may negatively affect upstream steps in the RNAi pathway, we found that target accessibility and duplex asymmetry can improve the target knockdown level significantly by nearly 40% and 26%, respectively. These percentages are far greater than the degree of improvement by any of the single sequence features reported in a previous study (Reynolds et al. 2004 ). Our qualitative findings are consistent with a previous report based on alternative calculations (Heale et al. 2005) . For efficient gene silencing, a number of studies reported the significance of siRNA sequence features (Khvorova et al. 2003; Schwarz et al. 2003; Reynolds et al. 2004) , and other studies reported the importance of target structure (Bohula et al. 2003; Kretschmer-Kazemi Far and Sczakiel 2003; Vickers et al. 2003; Yoshinari et al. 2004; Overhoff et al. 2005; Schubert et al. 2005; Westerhout et al. 2005) . Based on our findings, we propose a simple model for efficient RNAi that combines both perspectives in the context of the RNAi pathway (Fig. 3) . The asymmetry of siRNA duplex ends is important for RISC assembly, whereas target accessibility is important for the downstream step of target recognition in the RNAi pathway. A siRNA designed for an accessible target site will not necessarily be functional, if it does not have a favorable DSSE for effective assembly of the guide strand into RISC. Likewise, a siRNA with a favorable DSSE will not necessarily yield potent silencing when the guide strand cannot effectively bind to the highly structured target site. Thus, the combination of favorable DSSE and target accessibility can greatly improve the efficiency of RNAi. Because the two factors operate sequentially in the RNAi pathway, their effects on the efficiency of RNAi are heavily convoluted. Deconvolution is necessary to tease apart the individual effects, particularly the net effect of target structure. We expect the model to be generally valid in many experimental systems. However, exceptions are likely due to systemspecific factors. For example, in a viral system, a number of siRNAs targeted to experimentally identified accessible sites were not effective (Das et al. 2004) , and some of them do have favorable duplex asymmetry.
We adopted a population approach to modeling of mRNA secondary structure by employing the Sfold For sites that meet the control condition on DSSE, improvement by target accessibility = (average knockdown % for accessible sites, i.e., sites with DG disruption > À10 kcal/mol) À (average knockdown % for inaccessible sites, i.e., sites with DG disruption < À19 kcal/mol); for DSSE > 0 kcal/ mol, there are 10 accessible sites and 8 inaccessible sites; for DSSE # 0 kcal/mol, there are nine accessible sites and eight inaccessible sites. For sites that meet the control condition on DG disruption , improvement by duplex asymmetry = (average knockdown % for sites passing the asymmetry test, i.e., DSSE > 0 kcal/mol) À (average knockdown % for sites failing the asymmetry test, i.e., DSSE # 0 kcal/mol); for DG disruption > À10 kcal/mol, there are 10 sites passing the asymmetry test and 9 sites failing the test; for DG disruption < À19 kcal/mol, there are eight sites passing the asymmetry test and eight sites failing the test. Estimated by using 42 of 101 shRNAs in the cDNA library that meet the rule of duplex asymmetry (DSSE > 0 kcal/mol) and satisfy the two filtering criteria: (1) 30% # GC% # 70% and (2) absence of AAAA, TTTT, GGGG, and CCCC motifs. Net improvement in average knockdown % due to target accessibility = average knockdown % for accessible sites À average knockdown % for inaccessible sites. One-tailed test of significance for average knockdown % for accessible sites being greater than that for inaccessible sites.
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program. This approach has been found to perform better than the minimum free energy method for prediction of the activities of antisense oligonucleotides (Ding and Lawrence 2001 ). In the current application, the sampling approach was found to outperform other established programs for RNA secondary structure predictions (Table  3) . In a recent work on predicting microRNA-target interactions, Sfold was used for extensive structural analyses (Long et al. 2007 ). These analyses were based on probabilistic accessibility profiling, statistics of open nucleotide blocks, and a two-step hybridization model that involves energy calculations specific to microRNA-target interactions. A potent effect of target structure on micro-RNA function was observed from both data analyses and in vivo experimental testing (Long et al. 2007 ). The effect of target structure appears to be stronger for microRNAs than for siRNAs/shRNAs. There are two potential reasons for this observation. First, the rule of duplex asymmetry is not relevant for mature microRNAs that are single-stranded. Second, this may be due to mechanistic differences between target cleavage by RNAi and translation repression by microRNAs. For future research, the applicability of the two-step hybridization model to modeling siRNA-target interactions warrants investigation.
In the calculation of DG disruption , we assumed that the binding of target mRNA by the siRNA guide strand induces only a local structural alteration at the target site. It is likely that in some, if not all, cases, nucleotides outside the target site will also contribute to the energy change owing to siRNA binding. An alternative to the local disruption model is a global disruption model, which assumes that the rest of the target mRNA molecule can completely refold after siRNA binding. For this model, DG disruption can be recalculated by constraining the target site to be single stranded and refolding the rest of the target mRNA. However, the predictability by DG disruption is rather low (for lamin A, P-value = 0.0223, R 2 = 0.2069; for PTEN and CD54, P-value = 2.05EÀ05, R 2 = 0.2213). This suggests that target cleavage occurs rapidly after target binding by the siRNA guide strand such that global refolding of the target before cleavage is unlikely. While partial refolding is a possibility, it is highly uncertain what region of the target may be involved in refolding. Thus, it is difficult to construct a computational model that may represent a reasonable compromise between the local model and the global model. For assessing improvement in predictions, the performance of any intermediate model will need to be compared with that for the local model.
It has been reported that the 59 bases of the siRNA are more important than the 39 bases for the strength of target binding (Haley and Zamore 2004) , and that nucleotides 2-8 of the 59 end of microRNAs are important for target recognition (Lewis et al. 2005 ). We thus statistically tested the hypothesis that functional RNAi requires good accessibility for the 39 end of the target site. For each of all target sites for siRNAs in our study, we computed the average accessibility for the first five bases from the 39 end of the target site and also the average accessibility for nucleotide positions 2-8 from the 39 end of the target site. The probability that a base is unpaired is computed by the Sfold structure sample (Ding and Lawrence 2001) . The average accessibility for a block of nucleotides is computed by the sum of the unpaired probabilities divided by the number of bases in the block, i.e., the average unpaired probability for the block. To facilitate a two-group statistical comparison, a block is considered to be accessible if the average accessibility is $0.5 and inaccessible if the average accessibility is <0.5. All siRNA target sites were partitioned into two groups: group 1 with the 39 end of the target site being accessible and group 2 with an inaccessible 39 end. Here we consider the first five bases from the 39 end and nucleotide positions 2-8 from the 39 end separately. A one-sided t-test was then performed to determine if the RNAi activity for target sites in group 1 is significantly higher than that for target sites in group 2. For the lamin A data set, the P-value for the first five bases from the 39 end of the target site is 0.3163, and the P-value for nucleotide positions 2-8 is 0.0973; for the PTEN and CD54 data set, the P-value for the first five bases is 0.1458, and the P-value for nucleotide positions 2-8 is 0.2024. Thus, we did not find statistical support for the hypothesis. This suggests that nucleation of siRNA-target hybridization can occur anywhere within the target site, not necessarily the 39 end of the target site. The same conclusion was reached for microRNA-target hybridization in a recent study (Long et al. 2007) .
Our study seeks to improve the potency of gene silencing by RNAi. Based on our findings, we recommend selecting FIGURE 3. A proposed simple model for efficient RNAi. RISC assembly is facilitated by asymmetric ends of siRNA duplex; target recognition via intermolecular base-pairing is aided by structural accessibility at the target site. The combination of the upstream effect of duplex asymmetry and the downstream effect of target accessibility is generally essential for potent gene silencing.
siRNAs or shRNAs with DG disruption > À10 kcal/mol and DSSE > 0.0 kcal/mol, in addition to applying the filters of balanced GC content and the absence of nucleotide repeat tracts. The issue of the specificity of RNAi is also important (Jackson et al. 2003; Semizarov et al. 2003; Pei and Tuschl 2006) , particularly for high-throughput RNAi screening. Recent studies suggest that some off-target effects are associated with ''seed'' matches in the 39 UTRs (Birmingham et al. 2006; Jackson et al. 2006) . These findings and the findings in our study can be useful for improving the design of RNAi experiments, by addressing both the issue of potency and the issue of specificity.
MATERIALS AND METHODS
Prediction of mRNA secondary structure
An mRNA is likely to exist as a population of structures (Christoffersen et al. 1994 ). This view has been supported by the experimental elucidation of multiple equilibrium conformations (Altuvia et al. 1989; Betts and Spremulli 1994) . Thus, the use of a single structure, e.g., the minimum free energy (MFE) structure, is not well suited to structure prediction for mRNAs. An alternative ensemble-based method has been developed (Ding and Lawrence 2003) . In this approach, a statistically representative sample from the Boltzmann-weighted ensemble of probable RNA secondary structures is generated, in a manner to faithfully and reproducibly capture the statistical features of the structure ensemble of enormous size. In comparison with MFE predictions, this method has been shown to substantially improve predictions for structural RNAs (Ding et al. 2005) and to better represent the likely population of mRNA structures (Ding et al. 2006) . A sample size of 1000 structures is sufficient to guarantee statistical reproducibility in sampling statistics (Ding and Lawrence 2003; Ding et al. 2006) . The structure sampling method has been implemented in the Sfold software package (Ding et al. 2004) and is applied here to mRNA folding.
Parameters for analyses
For the statistical analyses of knockdown data from RNAi experiments, we consider several empirical rules in the literature. In addition, we introduce a novel measure of target accessibility. The stability of the target:guide strand duplex is also considered. The parameters included in our analysis are defined below.
DSSE: Differential stability of siRNA duplex ends
For the 59 end of the antisense (guide) siRNA strand, 59-antisense stability (AntiS, in kcal/mol) is computed by the summation of the free energies for four base-pair stacks (involving five consecutive base pairs) and the 39 dangling base (overhang), with a penalty for a terminal A-U pair. Similarly, 59-sense stability (SS, in kcal/mol) is the sum for the 59 end of the sense siRNA strand. The differential stability of siRNA duplex ends (DSSE, in kcal/mol) is the difference between the 59-antisense stability and the 59-sense stability, i.e., DSSE = AntiS À SS. These calculations are based on the established RNA thermodynamic rules and parameters (Xia et al. 1998; Mathews et al. 1999) . Because DSSE measures the difference in stability between the two siRNA duplex ends, a siRNA duplex meets the rule of asymmetry when DSSE > 0.0 kcal/ mol.
S D : Dharmacon score
This score was proposed by Dharmacon scientists for rational siRNA design (Reynolds et al. 2004) . As the sum of eight component scores for various sequence features of siRNA duplex, the Dharmacon score ranges between À2 and 10.
DG disruption : A measure of target site accessibility DG disruption is the energy cost of disruption of the mRNA structure so that the binding site becomes completely single stranded (Fig.  1) . Given the small size of the antisense siRNA, we adopt a local disruption model, i.e., the alteration of target structure due to siRNA binding is local rather than global. Specifically, we assume that only the binding site is involved in structural alternation (Fig.  1) . Under this assumption, DG disruption is the energy cost for breaking those target intramolecular base pairs at the binding site and is given by the energy difference between DG before , the free energy of the original mRNA structure, and DG after , the free energy of the new, locally altered structure, i.e., DG disruption = DG before À DG after . For 1000 structures predicted by Sfold, we calculate DG before by the average energy of the original 1000 structures and DG after by the average energy of all the 1000 locally altered structures. A largely single-stranded (i.e., structurally accessible) site does not require substantial structure alteration for the guide siRNA strand to bind to the target. The disruption energy DG disruption is a quantitative measure of the structural accessibility at the target site.
DG hybrid : Stability of hybrid formed by siRNA guide strand and target DG hybrid is the energy gain due to the hybridization at the binding site (Fig. 1) . This parameter measures the stability of the hybrid formed by the siRNA guide strand and the nucleotides at the target site. DG hybrid is calculated as the sum of the stacking energies for the siRNA guide:target duplex, with the penalty of an initiation energy:
where DG initiation = 4.1 kcal/mol (Mathews et al. 1999) , and the sum is over RNA/RNA stacking energies (Xia et al. 1998) .
Statistical analyses
Weighted least-squares regression To assess the contribution by each of the above parameters to RNAi efficiency, we employ weighted least-squares regression for prediction of target knockdown level by each of the parameters. For each of the siRNA data sets as described below, there exists a large variation in the standard deviations of the measured knockdown levels. In a statistical analysis, a data point with smaller standard deviation should carry more weight than one Effect of target structure on RNAi www.rnajournal.org 1637 with larger standard deviation. This consideration can be addressed by the use of weights in the least-squares regression (Weisberg 2005) . In other words, the square term in the sum of squares for a data point is multiplied by a weight. When the standard deviation of the knockdown level from multiple measurements is available for every data point, 1/(standard deviation) 2 can be used as the weight. The P-value and R 2 of the regression analysis for a parameter are, respectively, the measures of the statistical significance of the parameter and the degree of variability in silencing activity that is attributed to the parameter.
Statistical tests for two-group comparison
The unpaired t-test was used for comparing data for two independent groups. The corresponding nonparametric test, the Wilcoxon rank sum test (also known as the Mann-Whitney U-test or the Wilcoxon-Mann-Whitney test), was also used to confirm the results by the t-test, which relies on the assumption of the normality of the data. All of the statistical analyses in this study were performed with the statistical package R (http://www.r-project.org).
Selection of siRNAs data sets
For selection of RNAi data sets from the literature for analysis, we employed two criteria: (1) at least 10 siRNAs for the same target must have been tested and (2) target sites on the same mRNA must not have substantial overlap. Due to the high costs of synthetic siRNAs, usually only a few siRNAs are tested for one target. Experimental variation between different RNAi knockdown experiments is difficult to account for in statistical analysis. Thus, we focus on data sets that have a sufficient number of siRNAs for the same target or for multiple targets tested by the same experimental system. Heavy overlap of target sites can introduce an autocorrelation bias that is difficult to assess. It is conceivable that a local region of the target could be highly susceptible to RNAi, e.g., due to high steric accessibility. Criterion 2 aims to avoid such likely region bias. We identified published siRNA data sets for lamin A (Harborth et al. 2003) , PTEN, and CD54 (Vickers et al. 2003) , and included 25, 36, and 39 siRNAs, respectively, in our analysis. The GenBank accession number and sequence length of the target are NM_170707 and 3181 nt for lamin A, U92436 and 3160 nt for PTEN, and J03132 and 2986 nt for CD54. For lamin A, another 19 siRNAs were tested for a short distance walk through single-base shift in the target site. In the light of criterion 2, however, these 19 siRNAs were not included here. Inclusion of these 19 siRNAs would enhance support for our computational approach, because these siRNAs are highly functional, and their target region is highly accessible by our prediction. For lamin A, siRNA activity was measured at the protein level using Western blot. For PTEN and CD54, the siRNA activity was measured at the mRNA level using RT-PCR. For these data sets, every siRNA was tested at least twice, in triplicate, with standard error available for measured activity.
Description of shRNA data set
We have also analyzed a data set of shRNA activities obtained from the analysis of a library of shRNA sequences generated from randomly fragmented cDNA of normalized (reduced-redundance) cDNA of all of the genes expressed in the MCF-7 human breast carcinoma cells. The generation and testing of the library will be described in detail elsewhere (A. Maliyekkel, Y. Shao, N. Warholic, K. Cole, Y. Ding, and I.B. Roninson, in prep.) . Briefly, DNAseIgenerated fragments of normalized cDNA were converted into shRNA templates by the procedure of Shirane et al. (2004) , with some modifications. The shRNA templates were cloned into lentiviral vector LLCEP TU6LX (Maliyekkel et al. 2006 ) that expresses shRNA from RNA polymerase III promoter, which is positively regulated by tetracycline/doxycycline via the tTR-KRAB repressor. cDNA was cut by MmeI to produce 19-21-bp cDNA fragments. These fragments were then ligated with a hairpin adaptor to produce a hairpin-stem with a length of 27-29 bp. The hairpin-stems are very efficiently processed by Dicer to generate either 19-or 20-bp siRNA, with the adaptor sequences removed. The positions of the 19-nt and 20-nt Dicer cleavage sites are known precisely.
Individual sequenced shRNAs were matched with the corresponding human genes, and randomly selected shRNA sequences were transduced into MCF-7 cells expressing tTR-KRAB. shRNA activity was determined by measuring the levels of each target mRNA by real-time reverse-transcription PCR, in triplicate. Percent knockdown was calculated from the ratio of mRNA levels with and without doxycycline. The data for 101 shRNA sequences targeting 100 different genes (i.e., two shRNAs for only one gene) were used for the analysis. The list of these genes and their lengths are given in Supplemental Table 1 .
Strategy of data analyses
The siRNA data sets were first analyzed to identify parameters that are important for RNAi efficiency. These parameters were then further examined with the independent shRNA data set, and their contributions to RNAi knockdown levels were quantitatively assessed. Such a statistical assessment was made possible by the relatively large size of the shRNA data set.
SUPPLEMENTAL DATA
Supplemental Tables 1 and 2 
